The photoinduced molecular detachment dynamics of CH 2 I 2 have been investigated with femtosecond time resolution. Upon multiphoton excitation of CH 2 I 2 with 312 nm femtosecond pulses, weak fluorescence in the 260-290 nm region was observed in addition to the I 2 fluorescence in the 290-345 nm region studied in the previous paper. The weak fluorescence has also been interpreted as due to emission from I 2 , where I 2 was produced from the photodissociation process CH 2 I 2 →CH 2 ϩI 2 *. In order to investigate the detailed dynamics of this reaction, femtosecond time-resolved data have been obtained by selective detection of the I 2 fluorescence at 272 and 285 nm. From these transients, it has been found that the dissociation process takes place within the temporal width ͑50 fs͒ of the laser pulse and that the I 2 photofragments exhibit coherent vibrational motion. The 272 nm transients also exhibit clear, fast decaying rotational anisotropy, quantitative analysis of which reveals a distribution of rather high rotational levels of I 2 . This permits us to conclude that the I 2 detachment is an asynchronous concerted process; while breaking of the two C-I bonds and formation of the I-I bond happen in a single kinetic step, one of the C-I bonds breaks faster than the other. In addition, energy partitioning between the CH 2 and I 2 photofragments has also been explored based on the experimental observations. Since this study involves a multiphoton transition, a theoretical formulation for the time dependent rotational anisotropy is presented for the general case of multiphoton pump and multiphoton probe transitions.
I. INTRODUCTION
This paper is the second in a series of articles designed to unravel the photodissociation dynamics of dihaloalkanes. In the previous paper 1 ͑referred to as paper I henceforth͒, we have analyzed the transition state dynamics of the molecular detachment process leading to halogens in the DЈ state. Here we will investigate in detail the mechanism and dynamics of the reaction leading to the higher excited states of I 2 , which fluoresce in the 260-290 nm spectral region.
The past two decades have witnessed growing interest in the spectroscopy and photodissociation dynamics of CH 2 I 2 , 1-25 the majority of which are concerned with dissociation of a single C-I bond from low-lying excited electronic potential energy surfaces. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] When excited with high energy photon͑s͒, CH 2 I 2 molecules are known 1, [17] [18] [19] [20] [21] [22] [23] [24] [25] to undergo molecular detachment, i.e., CH 2 I 2 →CH 2 ϩI 2 *. This produces a highly electronically excited I 2 molecule, which fluoresces in a wide range of the spectrum. When CH 2 I 2 was irradiated with a Kr resonance lamp ͑emitting at 116.5 and 123.6 nm͒, Okabe et al. 21 observed weak fluorescence bands in the 180-240 (I 2 H→X͒, 250-300 (I 2 F→X͒ and 450-500 nm regions in addition to the dominant I 2 DЈ→AЈ fluorescence in the 290-345 nm region. The quantum yield for the strongest I 2 DЈ→AЈ fluorescence was measured to be less than 1%. 21, 24 The 250-300 and the 450-500 nm fluorescence systems were found to be at least another order of magnitude weaker than the 300-350 fluorescence, while the 180-240 nm fluorescence is the weakest of all. 21 I 2 fluorescence resulting from two-photon excitation of CH 2 I 2 at 248 nm as obtained by Fotakis et al. 20 revealed a completely different fluorescence intensity pattern, with the I 2 F→X fluorescence being the strongest. The two-photon absorption was thought to cause a two-electron excitation of CH 2 I 2 . 20 Aside from the molecular detachment pathway, Fotakis et al. 20 also observed extensive fragmentation of CH 2 I 2 , leading to the formation of CH and C fragments.
Although the short time dynamics of the photodissociation channel CH 2 I 2 →CH 2 IϩI has been studied extensively using various spectroscopic and time-resolved techniques, [7] [8] [9] [10] [11] [12] time-resolved study of the molecular detachment pathway CH 2 I 2 →CH 2 ϩI 2 had not been performed until our first observation of the coherent vibration in the nascent I 2 fragment. 17 Since then, a series of concerted efforts have been made to unravel the detailed dynamics of this molecular detachment pathway. 1, [17] [18] [19] 25 In paper I, we have presented observations and analysis of the photoinduced molecular detachment dynamics of gem-dihaloalkanes. It was found that multiphoton excitation of all the molecules studied at 312 nm gives rise to fluorescence bands assignable to the DЈ→AЈ transition of the appropriate molecular halogen. Analysis of the transients indicates that the dissociation processes take place on the order of the temporal duration of the laser pulse a͒ Current address: George R. Harrison Spectroscopy Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139. b͒ Author to whom correspondence should be addressed. ͑ϳ50 fs͒. For methylene iodide, CH 2 I 2 , vibrational coherence of the I 2 fragments was observed in the time-resolved transients. These observations clearly suggest that the dissociation reaction is a concerted process, i.e., it happens in a single kinetic step. However, this in no way implies that the breaking of two C-I bonds and the formation of an I-I bond in the photodissociation reaction CH 2 I 2 →CH 2 ϩI 2 happen simultaneously. In fact, the timing of these elementary events will be one of the major mechanistic questions to be addressed in this study.
As mentioned in paper I, we were unable to extract rotational anisotropy information from the time-resolved transients because of the dominant time zero feature presented in the photodissociation channels yielding halogen molecules in the DЈ state. In this paper, we report the femtosecond timeresolved investigation of a different photodissociation channel of CH 2 I 2 . The absence of the time zero feature in some transients allows fast decaying rotational anisotropy to be observed unequivocally. Although the experimental data were obtained using a multiphoton pump transition, the existing theoretical treatment of time dependent rotational anisotropy is applicable to schemes involving only one-photon pump and one-photon probe. Therefore, quantitative analysis of the rotational anisotropy obtained in this study requires generalizing the existing formulation. We have developed a theoretical treatment of the rotational anisotropy that is applicable to schemes involving multiphoton pump and multiphoton probe transitions. This new formulation was subsequently used to extract the rotational distribution of the photofragments from the experimentally determined rotational anisotropy. The rotational distribution then allows the detailed photodissociation mechanism to be inferred. This paper will be organized as follows. In Sec. II a derivation of time dependent rotational anisotropy will be presented for the case of multiphoton pump and multiphoton probe. This is followed by a description of the experimental data in Sec. III. In Sec. IV, the implications of the results will be explored, with particular emphasis on the photodissociation mechanism.
II. THEORY A. Rotational anisotropy
Time-dependent rotational anisotropy has been discussed by many authors. 19, [26] [27] [28] [29] [30] [31] [32] However, all these formulations are only applicable to the situation of one-photon pump and one-photon probe. Since the pump-probe scheme employed in this study involves a multiphoton transition, it is necessary to develop a formulation that is applicable to experiments involving multiphoton pump and multiphoton probe transitions. Thus, the following treatment will assume that a delta function-like pump pulse at time zero excites an m-photon transition and a delta function-like probe pulse at a delayed time t excites an n-photon transition. Note that the following treatment is equally applicable to bound-bound, bound-free and free-bound transitions.
Let ⑀ 1 and ⑀ 2 be the unit electric polarization vectors for the pump and probe pulses, respectively ͑see Fig. 1͒ . Let 1 (0) and 2 (t) be unit vectors along the directions of the pump and probe transition dipoles, respectively. The 0 and t in the parentheses of 1 (0) and 2 (t) signify the respective instances when the pump and probe pulses are switched on. Each of the m pump dipoles, 1 (0), is assumed to be parallel to each other, as is each of the n probe dipoles, 2 (t). These are valid assumptions because molecules usually rotate to a negligible degree within the duration of a femtosecond pulse; therefore, the orientation of transition dipoles can be considered essentially stationary within this period. Thus, multiphoton transitions with femtosecond pulses are much less likely if some of the transition dipoles are perpendicular to each other than if they are all parallel. Figure 1 shows these vectors as well as definitions of the relevant angles among them. The angle ␦ between the two space-fixed polarization vectors of the pump and the probe lasers is an experimentally controllable parameter; the condition ␦ϭ0 signifies a parallel polarization configuration, while ␦ϭ/2 represents a perpendicular polarization configuration. The angle 2 (t) between the two molecule-fixed vectors, i.e., the pump dipole 1 (0) and the probe dipole 2 (t), contains information about the rotational dynamics of interest. The remaining angles will be averaged out in the course of the derivation.
Since we have assumed that the m pump transition dipoles are all parallel to each other, the probability for the m-photon pump transition is expected to be proportional to ͉ 1 (0)•⑀ 1 ͉ 2m under nonsaturated conditions. A similar expression can be obtained for the probe transition probability.
FIG. 1.
Definitions of the polarization and transition dipole vectors and the angles among them. The space-fixed vectors ⑀ 1 and ⑀ 2 denote, respectively, the unit vectors along the pump and probe electric polarization directions. The molecule-fixed vectors 1 and 2 are the dipoles of the pump and the probe transitions. Since the pump pulse defines the time zero, 1 is meaningful only at time zero, i.e., 1 (0). On the other hand, the probe dipole 2 (t) depends on the pump-probe time delay t. Rotational dynamics are manifested as the time dependence of the angle 2 between the two transition dipoles 1 (0) and 2 (t). The quantity ␦ denotes the angle between the pump polarization and the probe polarization, with ␦ϭ0 indicating a parallel polarization configuration and ␦ϭ/2 indicating a perpendicular polarization configuration. The remaining angles will be averaged out in the derivation of the time dependent rotational anisotropy.
Thus, if none of the transitions is saturated, we can express the time dependent signal for an m-photon pump and nphoton probe as the following ensemble average:
where A(t) represents the isotropic contribution to the signal and therefore does not depend on rotational anisotropy. [30] [31] [32] The subscript ␦ in I ␦ (t) signifies the dependence of signal on the polarization configuration. It is this dependence that is typically sought in an anisotropy measurement. The averages in ͑1͒ take into consideration the contributions from individual molecules and can be viewed essentially as a summation ͑or rather average͒ over a collection of individual molecules. Since the transition dipoles 1 (0) and 2 (tϭ0) ͑at time zero͒ are molecule-fixed vectors, they are determined completely if the molecular orientation is specified. The molecular orientation can be characterized, for instance, by the three angles 1 , 1 , 1 defined in Fig. 1 . Here, 1 and 1 define the orientation of 1 (0) while 1 specifies rotation about 1 (0). The time evolution of the probe dipole 2 (t) is governed by the angular momentum j of the species being probed. The quantity j is conserved at least until collisions take place; this is a relatively long period of time in a rarefied gas phase experiment like those in this study. The average over the molecules can be replaced with the average over 1 , 1 , 1 and j so long as the population of the species being pumped with orientation 1 , 1 , 1 and the population of the species being probed with angular momentum j are used as the weights for the average.
With the definition of vectors and angles in Fig. 1 , the second equality in ͑1͒ is straightforward and needs no further explanation. The third equality in ͑1͒ expressed the average over 1 , 1 , 1 explicitly. As mentioned previously, these angles specify the orientation of the species being pumped. If there is no preferential orientation for the species being pumped initially, we should then take a uniformly weighted average over all possible orientations as in the third equality of expression ͑1͒. We now evaluate the 3D integral in ͑1͒ and leave the remaining average over j to later discussion.
In order to express 2 in terms of the angles 1 where the angle ␥ is defined in Fig. 1 . For simplicity, we will deal with two specific cases in the following, i.e., parallel (␦ϭ0) and perpendicular (␦ϭ/2) polarization configura- 
where ⌫(x) and C k ␣ (x) denote the gamma and the Gegenbauer functions, respectively. 33 Substituting ͑5͒ in ͑1͒, we get
where 2 F 1 (a,b;x) denotes the confluent hypergeometric function. 33 For the special case of mϭnϭ1, expressions ͑4͒ and ͑6͒ reduce to
Thus the above expressions give rise to the well-known formulation for the rotational anisotropy, 26, 30, 31 r͑t ͒ϭ
͗1ϩ3 cos 2 2 ͘ j .
͑8͒
For an m-photon pump and one-photon probe, we have
We derived the above expressions previously 19 by simply extending the Baskin and Zewail treatment. 32 The present formulation allows us to deal with multiphoton probe also. For a one-photon pump and n-photon probe, we have
͑10͒
By comparing ͑9͒ and ͑10͒, we realize that the two are essentially the same. The only difference is that every occurrence of m in ͑9͒ is now replaced with n in ͑10͒. Thus if either the pump or the probe transition is a one-photon process, a very simple expression can be obtained for the rotational anisotropy. The quantity r(t) is found to be a constant multiplied by ͗1ϩ3 cos 2 ͘ j in this case.
However, when both pump and probe transitions are multiphoton processes, we can no longer obtain such a simple expression for the rotational anisotropy. Presented in Table I are the expressions of I ʈ , I Ќ and r(t) for the cases when m and n each varies from 1 to 3. Taking the expressions for I ʈ and I Ќ from the table, we find that for the case of multiphoton pump and multiphoton probe, I ʈ ϩ2I Ќ contains expressions involving the angle 2 . Since 2 depends on the angular momentum j of the species being probed, as we will see in the ongoing discussions, I ʈ ϩ2I Ќ is no longer isotropic. Therefore, the rotational anisotropy as defined in ͑8͒ is not as meaningful a quantity for these cases as it was when Gordon first proposed it. 26 In fact, no linear combination or simple and meaningful nonlinear functions ͑at least the ones that we have examined͒ of I ʈ and I Ќ can be isotropic if both the pump and the probe are multiphoton transitions.
The symmetry between m and n is also apparent in Table  I although it is not immediately obvious from the expressions ͑4͒ and ͑6͒. This symmetry can be understood from examination of the integration in Eq. ͑1͒. The integration ͑or average͒ over 1 , 1 and 1 in ͑1͒ can be transformed into an integration ͑or average͒ over 2 , 2 and 2 with the value of the integration unchanged. This is because there is no difference between integration over all possible orientations with 1 , 1 and 1 as integration variables and integration over all possible orientations with 2 , 2 and 2 as integration variables.
Further averaging over the angular momentum j in the above expressions can be carried out by following the procedure given by Baskin and Zewail. 32 However, for completeness, we will give an outline of the procedure with a particular emphasis on the case of multiphoton pump and probe. The following derivation will be limited to the case of a symmetric top. To fully specify j with respect to a symmetric top, one needs to specify its magnitude j, the angle between j and the figure axis of the top and the angle of rotation 0 around the figure axis at time zero. With these three quantities specified, the classical motion of the top can be determined completely. As is well known, the top motion is a composite of two different types of rotation: the nutation of the figure axis about j at a rate n ϭ j/i Ќ and the rotation TABLE I. Anisotropy formulae for multiphoton pump and probe. Formulae for rotational anisotropy r(t) as well as signal intensities for parallel (I ʈ ) and perpendicular (I Ќ ) polarization configurations are derived for specific cases of m-photon pump and n-photon probe based on the procedure outlined in Sec. II A. The quantity 2 denotes the angle between the pump transition dipole 1 (0) at time zero and the probe transition dipole 2 (t) at an arbitrary time delay t. The average over j has not been carried out explicitly. Specific examples of such averages are given in Sec. II A. The symbol A(t) in the I ʈ and I Ќ expressions is a proportional constant that does not depend on the anisotropy. Notice the symmetry between m and n. Also notice that when both pump and probe are multiphoton transitions, the r(t) expressions become complicated ͑see text͒. In contrast, so long as either the pump or the probe is a one-photon transition, r(t) can be expressed as a simple multiplication factor times ͗1ϩ3 cos 2 2 ͘ j . of the top about its figure axis at a rate r ϭ j cos (1/i ʈ Ϫ1/i Ќ ), where i ʈ and i Ќ denote, respectively, the moments of inertia of the molecule about its top axis and about any axis perpendicular to it. 35 Thus the equations of motion for the unit vectors along the top axes x, y and z become 32 x ͑ t ͒ϭ͓cos͑ 0 ϩ r t ͒cos n tϪcos ϫ sin͑ 0 ϩ r t ͒sin n t͔X ϩ͓cos͑ 0 ϩ r t ͒ ϫsin n tϩcos sin͑ 0 ϩ r t ͒cos n t͔Ŷ ϩsin sin͑ 0 ϩ r t ͒Ẑ , ͑11a͒ ŷ ͑ t ͒ϭ͓Ϫsin͑ 0 ϩ r t ͒cos n tϪcos ϫ cos͑ 0 ϩ r t ͒sin n t͔X ϩ͓Ϫsin͑ 0 ϩ r t ͒ ϫsin n tϩcos cos͑ 0 ϩ r t ͒cos n t͔Ŷ
ẑ͑t ͒ϭsin sin n tX Ϫsin cos n tŶ ϩcos Ẑ , ͑11c͒
where z denotes the figure axis of the top and X , Ŷ and Ẑ are the unit vectors along the space-fixed axes of the coordinate system. Knowing the time evolution of the unit vectors along the top axes, the time evolution of an arbitrary vector can be predicted so long as its resolution in terms of the top unit vectors x , ŷ and ẑ is known. To illustrate this point, we will evaluate the j averages in Eq. ͑9͒ for two simple cases, one of which is of interest to the present study. First, the pump and probe dipoles are parallel to each other and to the figure axis at time zero. We will use subscript ͑ ʈ , ʈ ͒ to denote this case. Second, the pump and probe dipoles are perpendicular to each other at time zero with one of them parallel to the figure axis. We will use ͑ ʈ ,Ќ͒ to denote this latter case. For both cases, the molecule being probed is assumed to be linear. Thus ϭ/2 becomes a very good approximation because in this case if the electronic and spin angular momenta can be neglected, the total angular momentum j is essentially the rotational angular momentum, which is perpendicular to the linear molecular axis. 36 For the ͑ ʈ , ʈ ͒ case, both the pump dipole 1 and the probe dipole 2 are parallel to the molecule-fixed z-axis ͑figure axis͒. Thus 1 (0)ϭẑ(0) and 2 (t)ϭẑ(t). Using Eq. ͑11͒ and taking into consideration ϭ/2, this gives
or 2 ϭ n t. Therefore the rotational anisotropy in Eq. ͑9͒ reduces to
Since n t depends on j but not on or 0 , only the j average is explicitly carried out in the last step. The quantity P j denotes the rotational distribution of the species probed. Similarly, for the ͑ ʈ , Ќ͒ case, without loss of generality, we can let 1 (0)ϭẑ(0) and 2 (t)ϭx (t). Then we obtain
When this result is substituted into the rotational anisotropy expression in ͑9͒, we find
where the average over 0 is assumed to be uniformly weighted. After such averaging, the only 0 dependent factor cos 2 ( 0 ϩ r t) becomes 1/2. Notice that the anisotropy in ͑15͒ is exactly Ϫ1/2 times that in ͑13͒. Similar j averages can be carried out for other more complicated cases.
Before we leave this subsection, it is perhaps worthwhile to mention the applicability of the above formulation. The above expressions should be valid if the signal is proportional to the total population transferred by the probe transition. 32 Detection schemes such as transient absorption, fluorescence depletion ͑this study͒ or multiphoton ionization obviously fall into this category. However, further complications arise if, for instance, the polarized fluorescence from the terminal level of the pump/probe transition sequence is taken as the signal. For this case, one must consider the alignment created in the pump/probe steps instead of just the pump step alone. A formulation for this case has been given by Baskin and Zewail 32 for the one-photon pump and onephoton probe. Extension of this formulation to the cases of multiphoton pump and probe is currently under consideration.
B. Three-body mechanics
As far as the photoinduced molecular detachment processes in this study are concerned, the penta-atomic molecule CH 2 I 2 can be treated as a triatomic with the CH 2 moiety being viewed as a pseudoatom. This subsection deals with the kinematics of such a three-particle system using the laws of classical mechanics. The purpose is to see how bond breaking and formation affect the motion of the individual particles, knowledge of which allows an analysis of the angular momenta of the subsystems. This analysis will be useful to the discussion of the possible mechanisms in Sec. IV D. In the following treatment, we will assume that the bonds are rigid and that there is no translation or rotation of the system as a whole. Excess energy deposited to dissociate a bond is assumed to be manifested as a force acting along the direction of the bond ͑i.e., axial recoil͒. Therefore, it is sufficient to consider only the motion of the atoms on the triatomic plane.
To illustrate the general idea of the treatment, we will consider a specific bonding arrangement, i.e., atom 1 is initially bonded to atom 2 and atom 2 to atom 3 ͑e.g., the CH 2 pseudoatom to the two I atoms of CH 2 I 2 ͒. Let m i , (x i ,y i ) and (v xi ,v yi ) be the mass, current position and velocity of atom i, respectively. At an infinitesimal time ␦t later, changes of the atomic positions can be determined trivially using ␦x 1 ϭv x1 ␦t, etc. The changes in the atomic velocities, on the other hand, can be determined by the following set of simultaneous equations:
where Eqs. ͑16a͒-͑16d͒ are essentially the conservation laws of momentum, angular momentum and kinetic energy. Equations ͑16e͒ and ͑16f͒ are imposed by the rigid bonds between atoms 1 and 2 and between atoms 2 and 3, respectively. These equations govern the free propagation of the triatomic system. We now consider the situation of a bond breaking event, specifically breaking of the 1-2 bond with an excess energy E. We will assume that the bond breaking event is instantaneous, so there is no change in the position of each atom before and after the breaking. But there will be abrupt changes in the velocities of the atoms, which can be obtained by solving the following simultaneous equations: where Eqs. ͑17a͒-͑17c͒ are identical to those in ͑16͒. Equation ͑17e͒ reflects the restriction that bond breaking results in axial recoil. Similar free propagation and bond breaking equations can also be obtained for other bonding arrangements and bond formation and bond breaking processes. With these equations, the motion of the atoms can be predicted and mechanical quantities such as the angular momentum of the subsystems ͑fragments͒ can be obtained readily.
III. EXPERIMENTAL RESULTS
Since a detailed description of the experimental apparatus has been given in paper I, 1 here we will give only a brief account of the experimental setup and conditions. The experiments employ two femtosecond laser beams ͑ϳ50 fs pulsewidths͒ with one beam having its wavelength centered around 312 ͑pump͒ and the other around 624 nm ͑probe͒. Pump and probe beams were collinearly overlapped and focused into a quartz sample cell using a lens of 200 mm focal length. Fluorescence from the product molecules was focused into a spectrometer for detection. CH 2 I 2 was introduced to a quartz cell and dissolved gases removed by several freeze-pump-thaw cycles to 10
Ϫ5
Torr at liquid nitrogen temperature. Dehydrated sodium thiosulfate was also placed in the cell to scavenge iodine molecules to ensure only nascent I 2 photofragments were present. Experiments were conducted at room temperature. Spectra were taken using the 312 nm laser only and the wavelength scale was calibrated with a Hg lamp using the known emission lines of Hg atoms. 37 The resultant dispersed fluorescence spectrum is presented in Fig. 2 .
The dynamics associated with the strong fluorescence features between 300 and 350 nm has been investigated in paper I. 1 In this study, we will focus on the dynamics associated with the weak fluorescence features in the 260-290 nm region. As has been mentioned in paper I, 1 the strong fluorescence only accounts for photodissociation channels with less than 0.01 quantum yield. The quantum yield for the weak fluorescence can be estimated to be about one order of magnitude less than the stronger one, or less than 0.001. The time-resolved experiments which we will present in the following use only a fraction ͑ϳ10 nm͒ of the weak spectrum in the 260-290 nm region as signal. Additionally, since the dynamic information is contained in the depletion of the weak fluorescence signal, extra effort and caution are necessary to acquire meaningful time-resolved transients.
To obtain time-resolved data, the probe pulse at 624 nm was used to deplete the population in the fluorescent state and transients were recorded as a function of fluorescence signal versus time delay between the pump and probe pulses. At each pump-probe time delay, the signal was collected for 10 laser shots; laser pulses with intensity more than one stan-dard deviation from the mean were discarded. Typical transients contain data from 200 different time delays and are averages of 100 scans. Figures 3͑a͒ and 3͑b͒ show the timeresolved transients for CH 2 I 2 taken by collecting fluorescence signal at 285 and 272 nm, respectively. The dynamics observed for 285 nm detection are very similar to those found when detecting the DЈ→AЈ transition ͑see paper I͒. 1 However, the 272 transient is strikingly different from the 285 nm transient; the former does not show the time zero feature. As we will show, absence of the time zero spike in the 272 nm transient allows rotational anisotropy to be measured.
Both transients in Fig. 3 were obtained with the pump and probe polarization vectors aligned parallel to each other. Perpendicular transients, i.e., transients taken with the pump and probe polarization perpendicular to each other, were also obtained for CH 2 I 2 at both 285 and 272 nm. Although there is no discernible difference between the parallel and perpendicular transients collected at 285 nm, significant difference exists between the parallel and perpendicular 272 nm transients, as depicted in Fig. 4 . The data in Fig. 4 were collected by setting the polarization of the pump ͑312 nm͒ pulses normal to the optical table; the polarization of the probe ͑624 nm͒ pulses was then aligned either parallel or perpendicular to that of the pump.
The time dependent rotational anisotropy is extracted from the data using the formula, 26 r͑t ͒ϭ
and the ''isotropic signal,'' which reflects the pure vibrational contribution, can be isolated using the following formula,
In Eqs. ͑18͒ and ͑19͒, I ʈ is the fluorescence intensity obtained when the pump and probe lasers are polarized parallel to each other and I Ќ the intensity when they are polarized perpendicularly. This separation of pure vibrational and pure rotational contributions from the observed experimental data allows us to study them without interference from each other. Presented in Figs. 5͑a͒ and 5͑b͒ are the pure vibrational and pure rotational contributions derived from the 272 nm transients in Fig. 4 . To obtain the experimental r(t) and I isotropic curves shown in Fig. 5 , the average fluorescence intensity at negative time delays ͑probe earlier than pump͒ was subtracted from the parallel and perpendicular transients, and proper normalization of these transients at long time delay to their respective asymptotic limits was performed. The observed data were not manipulated in any other way before evaluating r(t).
IV. DISCUSSIONS

A. Vibrational analysis
The isotropic transient shown in Fig. 5͑a͒ clearly exhibits oscillative variation in I isotropic at positive time delays. This nearly sinusoidal variation can be interpreted as the signature of the coherent vibrational motion imparted to the nascent I 2 fragments during the dissociation process. The observed vibrational coherence in the I 2 fragment implies that the I 2 elimination process is concerted, i.e., I-I bond formation and the two C-I bond breakages happen in a single kinetic step. 1, [17] [18] [19] To obtain quantitative information about the vibrational coherence, we have modeled the isotropic data in Fig. 5͑a͒ using the following damped sinusoidal expression:
where denotes the effective coherence dephasing constant, the vibrational frequency and a phase factor. The quantities A and B are constants dependent upon specific experimental conditions, such as detection efficiency. The exponential factor accounts for the effective dephasing of the vibrational coherence whereas the cosine factor describes the signature of the vibrational motion. Least-squares fit of the experimental isotropic data in Fig. 5͑a͒ using the functional form of ͑20͒ gives rise to the following parameters: ϭ501 Ϯ82 fs, ϭ98Ϯ2 cm Ϫ1 and ϭ51°Ϯ6°. The fitted result is shown in Fig. 5͑a͒ as a solid curve.
These fitted parameters, especially the vibrational frequency, provide clues to the identity of the fragment being probed and the electronic identity of its fluorescent state. First of all, since most ion-pair states of I 2 have vibrational frequencies on the order of 100 cm
Ϫ1
, there seems little doubt that the species being probed is the I 2 fragment. Second, because anharmonicity tends to reduce the effective vibrational frequency for higher-lying vibrational levels, the fitted vibrational frequency should provide a lower bound to the nominal vibrational frequency of the fluorescent state. This serves as a convenient criterion for eliminating as the fluorescent state those I 2 states that have vibrational frequencies smaller than 98 cm Ϫ1 . There are several known emission systems of I 2 that fall into the 260-290 nm spectral region, notably the F0 u The anisotropy decays within ϳ500 fs of the pump excitation. Notice that for the perpendicular polarization configuration, the depletion is greater near time zero than that for the parallel polarization configuration.
FIG. 5.
Separation of pure vibration and pure rotation contributions to the signal. The thinner traces in both panels ͑a͒ and ͑b͒ present, respectively, the pure vibrational contribution as given by the isotropic signal I ʈ ϩ2I Ќ and the pure rotational contribution as given by the time dependent rotational anisotropy r(t) ͓see Eq. ͑18͔͒. Both the isotropic signal and the rotational anisotropy are derived from the original experimental data given in Fig. 4 . The thicker lines show least-squares fits to the pure vibrational and pure rotational contributions. nm region. Therefore, it is no surprise that certain spectral features in the 260-290 nm region are due to the I 2 f →A fluorescence. Although we can not determine the exact identity of the fluorescent state responsible for the vibrational coherence, the above analysis strongly suggests that the f state is responsible.
Since the I-I interatomic distance in the ground state of CH 2 I 2 is rather close to the bond lengths in the f, g and G states of the I 2 molecule, 16, 38, 40, 41 significant vibrational excitation in the I 2 fragment is not expected. However, because the HCH angle in ground-state CH 2 I 2 differs significantly from the bond angle of CH 2 in the X and b states, 16, 42 vibrational excitation should be expected in the CH 2 photofragment if CH 2 is produced in the X or b state. This could represent a significant amount of energy, especially when one considers the high vibrational frequencies of CH 2 .
The vibrational coherence decays over a period of approximately 500 fs. Under the experimental conditions of this study, the mean collision time can be estimated to be approximately 100 ns. Clearly, intermolecular collisions can not be responsible for the observed dephasing of vibrational coherence. The vibrational anharmonicity can also cause vibrational dephasing and loss of coherence. Although this may be largely responsible for the observed dephasing, a simulation with this as the only mechanism yields a very wide vibrational distribution and a less satisfactory fitting result. This indicates that other dephasing mechanisms play a part.
The fitted vibrational phase factor, in Eq. ͑20͒, is found to be nonzero. The uncertainty in determining the value of this factor is significantly affected by the accuracy of experimental determination of time zero. We have made use of the fact that when collecting fluorescence at 340 nm, a large spike can be observed at time zero ͑see paper I 1 ͒. The peak position of the spike can serve as a very good indication of where the actual time zero is located. With this, the time zero can be estimated to be within the resolution of the time scan, which is less than 30 fs. This accounts for about 10% of the ϳ300 fs vibrational period. Thus the uncertainty of the phase factor can be estimated to be about ϳ36°, i.e., ϳ10% of the phase of a full period, 360°. Thus even with this large error, the fitted phase factor ϭ51°Ϯ36°for this molecular detachment channel is quite different from that obtained for the DЈ dissociation pathway in paper I. An induction period, while bond rearrangement takes place, is a possible explanation for the observed nonzero phase factor.
B. Rotational analysis
Examination of the data in Fig. 4 reveals that depletion immediately after time zero is more efficient when the pump and probe pulses are polarized perpendicular to each other than when they are parallel. This is a strong indication that the dipole of the probe transition is perpendicular to the dipole of the pump transition at time zero. The implication of this observation to the symmetry of the excited states of the parent and the I 2 fragment will be explored in Sec. IV E. It is also quite apparent from Fig. 4 that there is a considerable degree of anisotropy in the data, most of which vanishes during the first 500 fs after formation of the I 2 photodissociation product. The fast decay implies a high degree of rotational excitation in the I 2 fragment.
A quantitative analysis of the rotational dephasing can be performed on the pure rotational contribution presented in Fig. 5͑b͒ . A formulation of time-dependent rotational anisotropy for the case of one-photon pump and one-photon probe has been given by Baskin and Zewail 32 for a ͑ ʈ , ʈ ͒ transition case. Extension of the formulation to the ͑ ʈ , Ќ͒ case yields r͑t ͒ϭϪ 1 20 ͩ 1ϩ3
where the symbols are defined as in Sec. II A. However, analysis of the pure rotational contribution shown in Fig.  5͑b͒ using this formulation failed to reproduce the experimental data in general and the observed r(0) value in particular. One can see from Fig. 5͑b͒ that the r(t) value at time zero is close to Ϫ0.3, especially if one follows the trend of the experimental trace. This is different from the expected value of Ϫ0.2 for a situation where the pump and probe transition dipoles are perpendicular to each other. We find that this is due to the multiphoton nature of the pump transition. A three-photon pump transition would be expected to produce a greater degree of alignment than is expected for a one-photon transition because it produces a (cos ) 6 distribution in the nascent products rather than a (cos ) 2 distribution. This narrower initial alignment causes the dephasing of rotational anisotropy to appear faster than it really is.
In order to model time-dependent rotational anisotropy experiments in which the excitation is a multiphoton process, we have extended the existing treatment 32 for one-photon pump and one-photon probe in Sec. II. A summary of the model with specific application to the case of a three-photon pump and one-photon probe follows. For this case, if all the pump transition dipoles are aligned parallel to each other and the probe dipole is perpendicular to the pump dipole at time zero, we find from Eq. ͑15͒ that the rotational anisotropy can be expressed as 19 r͑t ͒ϭϪ 1 12 ͫ 1ϩ3
where the weighting factor P j describes the rotational population of the I 2 fragment, in this case a Gaussian function given by
and n ϭ4B j denotes the j-dependent nutational frequency of the fragment being probed. The quantity B represents the rotational constant of the I 2 fragment. It is obvious from Eq. ͑22͒ that r(0)ϭϪ1/3. The discrepancy between this value and the experimental value ͓see Fig. 5͑b͔͒ may be attributed to finite signal to noise ratio. A least-squares fit of the observed r(t) data using the above formulae is presented in Fig. 5͑b͒ as the solid curve. As guided by the fitted curve, the trend of the experimental trace is seen to approach the expected Ϫ1/3 value toward time zero. The fit gives rise to the following parameters: the center of the rotational distribution of the I 2 fragment, j max ϭ354Ϯ38, and the 1/e width of the distribution, ⌬ jϭ509Ϯ52. The interesting implications of this fitting result will be explored in the following discussions.
C. Energy partitioning
As the vibrational analysis in Sec. IV A indicates, the f, g or G state of I 2 is likely to be responsible for the observed vibrational coherence after excitation of CH 2 I 2 at 312 nm. Thus the following discussion will consider only dissociation pathways leading to formation of these states. Since production of I 2 molecules in the f, g and G states from a thermal sample of CH 2 I 2 requires minimum energies of 9.20, 9.20 and 9.27 eV, respectively, 4, 38, 40, 41 at least three photons of 312 nm are needed in each case to supply the necessary energy. A four-photon excitation would provide 16 eV of energy, which is far above the ionization threshold of CH 2 I 2 , so we believe that a three-photon excitation is more likely. Power dependence results also support this conclusion. 1 In addition, the rotational anisotropy data are consistent with a three-photon pump excitation. The following analysis is therefore made assuming that the excitation is a three-photon process.
If a 12 eV excitation produces I 2 in the f, g and G states, only the three lowest electronic states of CH 2 , i.e., X ( 3 B 1 ) (T 0 ϭ0.0 eV), ã ( 1 A 1 ) (T 0 ϭ0.39 eV) and b ( 1 B 1 ) (T 0 ϭ1.27 eV), 36 can be produced by the photodissociation process. Table II lists possible combinations of the I 2 and CH 2 states, each of which represents a distinct photodissociation channel of CH 2 I 2 . For each channel, Table II also gives the minimum energy required for the dissociation process and the remaining energy available for internal and kinetic energies of the photofragments.
As shown in paper I, 1 the multiphoton molecular detachment process of CH 2 I 2 is extremely fast. Examination of the transients shown in Fig. 4 also indicates the promptness of the dissociation process; the depletion is essentially instantaneous within the time resolution of 50 fs. In fact, the quantitative analysis of the time zero spike for the 340 nm fluoresce as presented in paper I predicted a dissociation time of 47 fs, from which we can estimate the translational energy of the photofragments to be on the order of 1.3 eV.
It is useful in the following discussions to understand qualitatively how the rotational motion of the parent CH 2 I 2 molecule is partitioned into the CH 2 and I 2 fragments. To facilitate these discussions, Fig. 6 shows a model of the CH 2 I 2 molecule in the center-of-mass frame. Notice that the center of mass is essentially that of the I 2 fragment because the iodine atoms are considerably heavier than either carbon or hydrogen. Upon dissociation, most of the rotational energy of the parent CH 2 I 2 about the Z-axis ͑b-axis͒, the symmetry axis of CH 2 I 2 , remains as rotational energy of the I 2 fragment because the moment of inertia of I 2 is significantly larger than that of CH 2 . On the other hand, because the center of mass in CH 2 I 2 is extremely close to the X-axis ͑a-axis͒, i.e., the line joining the two iodine atoms, rotational motion of CH 2 I 2 about the X-axis will be manifested as translational motion of the CH 2 fragment. Similarly, rotational motion about the Y-axis ͑c-axis͒ will be partitioned into I 2 rotation and CH 2 translation upon dissociation. Thus the rotational motion of the parent CH 2 I 2 essentially turns into translational motion of the CH 2 fragment and rotational motion of the I 2 fragment.
From fitting the observed rotational anisotropy data, we have determined the I 2 rotational distribution to be centered around j max ϭ350. With the known rotational constant of the fluorescent state͑s͒, the average rotational energy of the product I 2 molecules can be estimated to be approximately 0.3 eV. From fitting the experimentally observed vibrational coherence data, the I 2 fragment has been found to contain only moderate vibrational excitation with an average vibrational quantum number of vϷ14 ͑for I 2 f state͒. With the vibrational frequency on the order of 100 cm
Ϫ1
, we can estimate that the vibrational energy partitioned into the I 2 fragment is approximately 0.2 eV. This is smaller than the rotational energy, a rather uncommon situation. The small vibrational energy in the I 2 fragment can be attributed to the fact that the I-I distance in CH 2 I 2 is very similar to that of I 2 ion-pair states and therefore little vibrational excitation is expected. Although we do not have a direct handle on how the rotational and vibrational energies are partitioned into the CH 2 fragment, based on previous discussions, we expect that CH 2 will have relatively high translational and vibrational excitation but low rotational excitation. The fragments, therefore, contain at least 1.8 eV of translational and internal energies. With the assumption of a three-photon excitation and of I 2 in one of its second tier ion-pair state f, g or G, the formation of CH 2 (b ) can be ruled out because there is not enough energy available ͑see Table II͒ . If this is the case, we are left with a limited number of choices, i.e., CH 2 (X )ϩI 2 ( f ,g,G) and CH 2 (ã ) ϩI 2 ( f ,g,G) . Which of these channels is responsible for photodissociation of CH 2 I 2 to yield I 2 fluorescence at 272 nm remains to be investigated. Figure 7 illustrates several possible I 2 detachment mechanisms for CH 2 I 2 . In the stepwise mechanism as shown in Fig. 7͑a͒ , one of the two C-I bonds breaks to form an iodine atom, which then collides with another iodine atom in a three-body collision to form an I 2 molecule. Since collisions are required to form I 2 molecules by this mechanism, the time to form I 2 is expected to be longer than 100 ns under our experimental conditions. Furthermore, no vibrational coherence would be expected in the nascent I 2 photofragments. Since we have observed vibrational coherence in I 2 and we have found that the time for I 2 formation is extremely fast ͑Ͻ50 fs͒, this mechanism can clearly be ruled out.
D. Photodissociation mechanism
The remaining two mechanisms as shown in Figs. 7͑b͒ and 7͑c͒ are both concerted; namely, breaking of the two C-I bonds and formation of the I-I bond happen in a single kinetic step. The difference between the synchronous concerted mechanism in Fig. 7͑b͒ and the asynchronous concerted mechanism in Fig. 7͑c͒ is that the former preserves the C 2v symmetry of the parent molecule CH 2 I 2 while the latter does not. In the asynchronous concerted mechanism, one of the C-I bonds breaks earlier, or faster to be more precise, than the other. As we will show in the following discussion, the observed high rotational excitation in the I 2 fragment will furnish sufficient evidence for us to distinguish between these two mechanisms.
Due to the heavy masses of the iodine atoms, the B and C rotational constants of the CH 2 I 2 ground state are very similar to the B rotational constant of I 2 , with a value of approximately 0.02 cm
Ϫ1
. 16 This gives a rotational distribution in a room temperature sample of CH 2 I 2 peaking at j ϳ100. This is much smaller than the measured center of rotational distribution for the I 2 dissociation products ( j max Ϸ350). In fact, there is a difference of about 250Ϸ in angular momentum between the parent CH 2 I 2 and the I 2 fragment. If all 250Ϸ were to go into the rotation of the CH 2 fragment, a simple BJ 2 argument predicts that the amount of rotational energy would be on the order of 60 eV! This is clearly impossible; in fact, as we have discussed previously, rotational motion imparted to the CH 2 fragment will be negligible upon I 2 detachment from CH 2 I 2 . Instead, CH 2 gains a large amount of translational excitation.
As is well known, conservation of angular momentum demands that the angular momentum of the parent J CH 2 I 2 be equal to those of the fragments, J CH 2 and J I 2 , plus a so-called orbital angular momentum L, or J CH 2 I 2 ϭJ CH 2 ϩJ I 2 ϩL. ͑24͒
Here the orbital angular momentum is produced when the two photofragments CH 2 and I 2 fly apart during the photodissociation process. Due to the large masses of the iodine atoms, the magnitude of the orbital angular momentum, L, can be well approximated as that of the CH 2 fragment only,
where m CH 2 and v CH 2 denote, respectively, the mass and velocity of the CH 2 fragment and the ''impact parameter'' b represents the shortest distance between the velocity vector v CH 2 and the center of mass of CH 2 I 2 ͓see Fig. 7͑c͔͒ . Since J CH 2 is negligible, we find from ͑24͒ that LϷ250ប.
The synchronous concerted mechanism shown in Fig.  7͑b͒ conserves the C 2v symmetry of CH 2 I 2 . According to this mechanism, CH 2 flies away along the symmetry axis, which passes through the center of mass of CH 2 I 2 . Thus the impact parameter b is zero, which indicates that there is no orbital angular momentum in this case. Clearly, it is inconsistent with the above assertion that L should be nonzero. On the other hand, the symmetry breaking, asynchronous concerted mechanism shown in Fig. 7͑c͒ does yield a nonzero   FIG. 7 . Possible photoinduced molecular detachment mechanisms for CH 2 I 2 . Three mechanisms are depicted. In the stepwise mechanism, one of the two C-I bonds breaks to produce an iodine atom. The iodine atoms form an I 2 molecule following a three body collision. This is a nonconcerted mechanism. Under the experimental conditions in this study, three body collisions are extremely rare. The synchronous concerted mechanism involves the breaking of the two C-I bonds and formation of an I-I bond with the C 2v symmetry preserved. In the asynchronous concerted mechanism, although breaking of the C-I bonds and formation of the I-I bond happen in a single kinetic step, they happen in a manner such that one C-I bond breaks faster than the other. I 2 detachment with this mechanism results in breaking of the C 2v symmetry. Notice that the ''impact parameter'' b is finite in this case and that bϭ0 for the synchronous concerted mechanism.
orbital angular momentum because in this case b 0. In fact, the previously estimated 1.26 eV translational energy in conjunction with the 250Ϸ orbital angular momentum allows us to estimate the impact parameter b to be approximately 2.7 Å. Thus, the experimentally observed high rotational excitation of the I 2 fragments ͑at least those fluoresce at 272 nm͒ indicates that the molecular detachment process happens according to the asynchronous concerted mechanism.
From a rudimentary molecular orbital perspective, Cain et al.
14 thoroughly examined the minimum energy path for the insertion reaction between carbene CF 2 and Cl 2 to form CF 2 Cl 2 . Although the study was specifically on the formation or dissociation pathways of ground-state CF 2 Cl 2 , the lesson learned is quite general and should have great relevance to the current investigation of the molecular detachment mechanism of CH 2 I 2 . Cain et al. found that the least energy pathway for CF 2 and Cl 2 to approach each other is not the least motion pathway. In other words, the least energy pathway is not the pathway that preserves the C 2v symmetry. Instead, the CF 2 prefers to attack the Cl 2 from a position that is neither on the ( h ) plane bisecting the Cl-Cl bond nor on the Cl-Cl bond axis (C ϱ ); as CF 2 gradually moves into the h plane, the Cl-Cl bond gets weakened but the C-Cl bonds get strengthened. This pathway is essentially the reverse of the asynchronous concerted mechanism described above for the molecular detachment of CH 2 I 2 . The underlying reason for the preference of this symmetry breaking pathway has been explained by Cain et al. 14 in terms of the interaction of frontier orbitals and the ambiphilic nature of the carbene.
Cain et al. also found that the barrier height for CX 2 ϩY 2 →CX 2 Y 2 ͑where Y denotes a halogen atom͒ or the reverse process depends on the highest occupied molecular orbital ͑HOMO͒-lowest unoccupied molecular orbital ͑LUMO͒ gap of the halogen molecule Y 2 .
14 The lower the gap, the lower the barrier. Since the HOMO-LUMO gap decreases from F 2 to I 2 , they concluded that the barrier decreases from CX 2 F 2 to CX 2 I 2 . On the other hand, a higher barrier predicts a higher rotational excitation in the fragments. Therefore, although we did not obtain direct information on the rotational distribution of photofragments from the other gem-dihaloalkanes studied in paper I, the study of Cain et al. allows us to predict that CH 2 Br 2 and CH 2 Cl 2 , etc., should give higher rotational excitation in their halogen photofragments.
We have also investigated the possibility of several other photodissociation mechanisms. One of them is worthy of particular attention. This mechanism requires one photon to dissociate one of the C-I bonds and a second photon to dissociate the other C-I bond, while the third photon photoassociates 43 the two iodine atoms thus produced. This will be called a three-step mechanism. The difference between this mechanism and the asynchronous concerted mechanism has to be emphasized. In the asynchronous concerted mechanism, absorption of the three photons happens simultaneously and instantaneously. The bond breaking and bond formation events then take place after absorption of the three photons. Since the photodissociation processes happen within the time duration of the pulse, we can not directly distinguish the two possibilities experimentally unless much shorter laser pulses are used. Therefore, we simulated the dynamics according to the two mechanisms using the procedure outlined in Sec. II B in order to distinguish between them.
Figures 8͑a͒ and 8͑b͒ present the simulated results for the two mechanisms. To obtain the simulation shown in Fig.  8͑a͒ , we have assumed that the molecular detachment process proceeds according to the following three steps:
͑26͒
where the excess energies are obtained based on the data given by Baughcum et al. 4 The first C-I bond is assumed to break with an excess energy of 1.8 eV to produce an I atom in the ground state 2 P 3/2 . The second C-I bond is assumed to break at 32 fs later 44 and with an excess energy of 0.3 eV. In this step, the excited I atom ( 2 P 1/2 ) is assumed to be formed. The third step involves the photoassociation 43 of the two iodine atoms to form I 2 in the f excited state. The possibility of two ground I products has not been considered because photoassociation in the third step to produce I 2 ( f ) is not energetically possible with a 312 nm photon.
We have also examined an alternative bond breaking and formation sequence for the three-step mechanism. Here instead of producing ground I in the first step and excited I in the second step as shown in ͑26͒, the first and second photons break the two C-I bonds and form excited I and ground I, respectively. The results of this investigation and those obtained with the pathway shown in ͑26͒ both predict an I 2 angular momentum that is inconsistent with our experimental observations ͑vide infra͒. Thus for clarity, only the pathway in ͑26͒ will be considered in the following discussions.
The energetics shown in the following equation have been used for the simulation of the asynchronous concerted mechanism in Fig. 8͑b͒ ,
Here the excess energy is taken from Table II of this work.
The first C-I bond is assumed to break with an excess energy of 2.7 eV. At 32 fs later, the second C-I bond is assumed to break with no excess energy. Each snapshot in Figs. 8͑a͒ and 8͑b͒ depicts the spatial arrangement of individual atoms ͑the CH 2 moiety is treated as a pseudoatom͒ and their bonding configuration at a particular instance. Here, notice that the time reference is chosen to be the instance when the first bond breaks and it may not coincide with the experimental time zero, which is the instance when the pump transition takes place.
Aside from facilitating visualization of the molecular detachment process, a more important purpose of this simulation is to obtain a quantitative estimation of the orbital angular momentum L. This then allows one to compare the estimated L with that obtained from analysis of the experimental data. Since the three ͑pseudo͒ atoms in CH 2 I 2 are assumed to be motionless before the first bond breaking in this simulation, the triatomic system contains no total angular momentum and will continue not to do so because of conservation of angular momentum. Thus the orbital angular momentum L is the same as the I 2 angular momentum in magnitude but is opposite in sign. The I 2 angular momentum can be calculated readily using the procedure presented in Sec. II B. With a time lag of 32 fs between the two bond breaking events, an I 2 angular momentum of 85ប is predicted from the three-step mechanism ͓see Fig. 8͑a͔͒ and 248ប ͓see Fig. 8͑b͔͒ from the asynchronous concerted mechanism. Figure 9 examines how the time lag affects the angular momentum of the I 2 fragment. This figure and Fig. 8 clearly show that the asynchronous concerted mechanism predicts an I 2 angular momentum that is more in agreement with our experimental observations.
E. Identity of the dissociative state of CH 2 I 2
Figures 4 and 5 clearly show that there is a high degree of anisotropy as a result of the CH 2 I 2 photodissociation process. If each of the transition dipoles corresponding to the three-photon pump transition had different orientations, one would not expect the anisotropy to be so clear. Thus, the three transition dipoles are likely to be parallel to each other. This is further supported by the consideration that the excitation source has femtosecond temporal duration, during which the molecules would not rotate to any significant degree. Therefore, the case where all transition dipoles are parallel becomes the most favorable situation for absorption.
Since CH 2 I 2 absorbs one photon at 312 nm and reaches a B 1 state, one expects resonance enhancement if the threephoton process involves the B 1 state as the first transition. If this is the case, the dissociative state reached is expected to be a B 1 electronic state at about 12 eV above the ground state. Although it has been argued that an orbital with B 1 symmetry has a node between the two iodine atoms, this does not necessarily mean that the total wave function ͑i.e., many electron wave function͒ with B 1 symmetry should also have no electron density between the two iodine atoms and FIG. 8. Classical simulations of molecular detachment processes. In each snapshot, the two large spheres represent the two iodine atoms while the small sphere represents the CH 2 moiety. The simulations were performed for ͑a͒ the three-step mechanism and ͑b͒ the asynchronous concerted mechanism. The two C-I bond breaking events are assumed to be separated by 32 fs in both mechanisms. In the asynchronous concerted mechanism, the excess energy is estimated to be 2.7 eV for the first bond breakage and zero for the second. The I-I bond is assumed to form immediately after the first bond breaking event.
On the other hand, for the three-step mechanism, the excess energy is estimated to be 1.8 eV for the first bond breaking event and 0.3 eV for the second. The I-I bond is assumed to form immediately after the second bond breaking in this case.
therefore cannot be responsible for the production of I 2 . Since a B 1 transition dipole in this molecule is aligned along the I-I direction ͑see Fig. 6͒ and the pump and probe transition dipoles are perpendicular to each other at time zero, the probe transition would be perpendicular to the I 2 bond in this case. However, it is also possible that there is a transition with two-photon resonance enhancement from the ground state, in which case A 1 ͑parallel to the Z axis͒ and B 2 ͑per-pendicular to the CH 2 plane͒ symmetries would be allowed as well.
One might speculate that the multiphoton pump excitation is a charge-transfer transition such that one of the iodine atoms gains electron density while the other loses it during the transition. The electron density redistribution would have the effect of generating a Coulombic attraction between the two iodine atoms while at the same time weakening the two C-I bonds. This is also supported both by the fact that the halogen states that have been observed are all ion-pair, i.e., charge-transfer, states and that molecular dissociation products are not observed until the excitation energy approaches the ionization threshold of the molecule.
V. CONCLUSIONS
In order to extract information about the rotational distribution of photofragments from the experimentally determined rotational anisotropy, we have derived general formulae for rotational anisotropy that are applicable to multiphoton pump and multiphoton probe transitions. We have found that the anisotropy formulation is simple and can be expressed as a constant multiplied by ͗1ϩ3 cos 2 ͘ j so long as either the pump or the probe is a one-photon transition. If both the pump and probe are multiphoton transitions, the anisotropy can no longer be expressed in such a simple manner. In fact, the conventional definition of the anisotropy loses its meaning of reflecting pure rotational contribution.
Selective detection of fluorescence at 285 and 272 nm from multiphoton excitation of CH 2 I 2 reveals a fast ͑Ͻ50 fs͒ I 2 formation and characteristic I 2 vibrational coherence, indicating that the reaction mechanism is concerted. The 272 nm transients also clearly demonstrate fast decaying rotational anisotropy. Least-squares analysis of the anisotropy gives rise to a distribution of rather high I 2 rotational levels, with the distribution center at around jϭ350. This high degree of rotational excitation along with other experimental observations and interpretation allows us to construct the following picture about how we think the photodissociation process of CH 2 I 2 happens at an excitation energy of 12 eV.
A three-͑312 nm͒ photon transition excites CH 2 I 2 molecules from the thermally populated ground electronic state to a dissociative state; the transition may be of a chargetransfer type. One of the C-I bonds breaks and a bond forms between the two iodine atoms ͓see the asynchronous concerted mechanism in Fig. 7͑c͔͒ ; this generates an enormous amount of torque on the CH 2 and I 2 moieties to tear the second C-I bond apart. Dissociation occurs within 50 fs of the initial excitation. The remaining energy from the 12 eV initially deposited in the CH 2 I 2 molecule is distributed between the photofragments in the following fashion. During the dissociation, the CH 2 fragment gains a tremendous amount of translational energy and a sizable degree of vibrational excitation but little rotational or electronic excitation. On the other hand, the I 2 fragment is left in a highly excited electronic state with a large amount of rotational excitation but only moderate vibrational excitation and very little translational energy.
Although the 272 nm fluorescence resulting from excitation of CH 2 I 2 can in principle be attributed to emission from several ion-pair states of I 2 , analysis of the vibrational coherence at this wavelength suggests that one of the I 2 f, g, G states is likely responsible for this fluorescence. The electronic state of the CH 2 fragment has been determined to some extent for this particular dissociation channel by energetic considerations. Assuming three-photon excitation of CH 2 I 2 , and taking into consideration the high translational energy imparted into the CH 2 fragment and the relatively high rotational energy in the I 2 fragment, we have argued that the CH 2 fragment is quite possibly in its ground (X ) or first excited (ã ) electronic state. Time-of-flight mass spectrometry following photodissociation of CH 2 I 2 in the molecular beam will allow us to analyze the final electronic state of the CH 2 fragments.
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